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III-nitride materials have recently attracted much attention for applications in both the 
microelectronics and optoelectronics. For optoelectronic devices, III-nitride materials with 
tunable energy band gaps can be used as the active region of devices to enhance the 
absorption or emission. A such material is indium nitride (InN), which along with gallium 
nitride (GaN) and aluminum nitride (AlN) embody the very real promise of forming the basis of 
a broad spectrum, a high efficiency solar cell. One of the remaining complications in 
incorporating InN into a solar cell design is the effects of the high temperature growth of the 
GaN crystal on the InN crystal, which begins to degrade at these high temperatures over 
approximately 500 °C. 
Two samples of GaN/sapphire substrates were utilized to grow InN layers with different 
thickness, 300 nm and 1000 nm, and temperature, 450 °C and 400 °C, by molecular beam 
epitaxy, respectively. These samples were explored using atomic force microscopy, scanning 
electron microscopy, and optical microscopy to characterize the surface defects, and x-ray 
diffraction, transmission measurements, and Raman to characterize the structure defects. After 
studying the two samples, the 1000 nm InN layer with a growth temperature of 400 °C had a 
high-quality crystal structure and good surface morphology compared with the 300 nm InN layer 
with a growth temperature of 450 °C.  
The 1000 nm InN layer with a growth temperature of 400 °C was used as a substrate to 
study the growth of GaN on InN.  This was initiated with a cap of 10 nm GaN at 400 °C to 
prevent the InN from evaporating. Then, a 50 nm layer of GaN was grown at high temperature 
(795 °C). After characterizing the surface morphology and the quality of crystal structure, the 
 
GaN layer was very rough, and the InN layer was found to have evaporated completely during 
the growth process. Therefore, another sample was grown with 50 nm GaN at low temperature, 
400 °C. After characterizing the crystal structure and surface morphology, the GaN layer was 
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Chapter 1: Introduction and Background 
1.1 Introduction and Motivations of III-Nitride Materials 
The global energy demand is significantly increasing every year. The energy 
consumption is expected to increase 48% between 2012 to 2040. Thirty percent of the energy 
demand is predicted to be covered by renewable energies generated from wind, water, and solar 
power. Most of the renewable energy growth is expected to come from solar resources [1]. To 
compete with conventional energy sources, solar cells with low cost and great performance need 
to be achieved. Therefore, demands for high efficiency and cheap solar cells have increased the 
interest in photovoltaics research worldwide. 
The search for a viable, clean energy substitution has led to the creation and 
development of many new materials. Of these, III-nitride materials, such as aluminum nitride 
(AlN), gallium nitride (GaN), and indium nitride (InN), have recently attracted much attention 
for applications in both microelectronics and optoelectronics. For optoelectronic devices, 
including advanced solar cells and detectors, III-nitride materials with tunable energy band 
gaps are used as the active area of these devices to enhance the absorption or emission.  
Moreover, having direct band gaps makes the III-nitride materials ideal candidates for 
optoelectronic devices. The band gap values are 6.2 eV for AlN, 3.4 of GaN, and 0.64 eV for 
InN [2]. Many of these devices are based on InGaN quantum wells and operate in the visible 
to the blue region of the spectrum as a result of the quantum confinement in the well. In order 
to push the response more towards the red and infrared end of the spectrum, it is desired to 
use high In content InGaN alloys as the optically active material . However, making a quantum 
well out of this is difficult due to the high temperature growth conditions of GaN.  
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This research effort was designed to incorporate the third material in the technologically 
very important family of the semiconductors known as the wide-bandgap, nitride 
semiconductors. This last material is indium nitride (InN), which along with gallium nitride 
(GaN) and aluminum nitride (AlN), embody the very real promise of forming the basis of a 
broad spectrum, a high efficiency solar cell. One of the remaining complications in incorporating 
InN into a solar cell design are the effects of the high temperature growth of the GaN crystal on 
the InN crystal, which begins to degrade at temperatures over approximately 500 ºC.  
 1.1.1 Scope of This Work 
In this study, bulk-like InN was grown on a GaN/sapphire substrate and subsequently 
characterized extensively for structural and optical quality, as well as surface roughness. 
Following this, a new InN film was grown under the same conditions with subsequent thin films 
of GaN grown with different growth temperatures to study the growth of GaN on InN. Finally, 
the GaN layers were characterized similarly to the InN. All samples were grown using molecular 
beam epitaxy (MBE). The material characterization was performed using x- ray diffraction 
(XRD), atomic force microscopy (AFM), scanning electron microscopy (SEM), light 
transmission, and photoluminescence measurements. Understanding the surface of the InN and 
GaN growth, such as the morphology of the surface, crystalline characterization, and being 
aware of general properties, was achievable by using these studies. 
1.2 Background  
1.2.1 III-Nitride Materials Properties  
Indium nitride (InN) and gallium nitride (GaN) have recently attracted much attention 
because of their tunable band gap energy which can be used in various applications. The 
3 
optical and electrical properties of InN and GaN are attached to the structural properties of 
InN and GaN. To get a better understanding, the structure, optical, and electrical properties of 
III-nitride will be explained in this section. 
1.2.2 Structure properties 
The thermodynamically stable wurtzite (α-phase) and metastable zinc-blende phase (β-
phase) are two structures for III-nitride. The most common and stable crystal is the wurtzite 
structure for InN and GaN which will be discussed in this part. The wurtzite structure of III-
nitride from the space group P63mc or 𝐶6𝑉
4  has a hexagonal crystal structure [3]. The 
hexagonal structure contains 6 atoms and two lattice constants a and c, as shown in Figure 1. 
Since the electronegativities are different in the III-nitride group, the c/a ratio in InN 
and GaN are 1.616 and 1.626, respectively [4]. The lattice constants of InN and GaN are listed 
in Table 1.1. Due to the lack of inversion symmetry in the crystal, the c-planes in the wurtzite 
nitrides have two different orientations. The (0001) planes of III-nitride surface indicate that 
the epilayers are grown on Ga or In -face, whereas (0001̅) planes indicate that the epilayers 
are grown on N-face [5]. 
1.2.3 Optical and Electrical Properties 
III-nitride materials have a direct band gap which is an important parameter to 
determine the optical and electrical properties. The band gaps of the III- nitride 
semiconductors have a wide range of energies from infrared (low energy) to ultraviolet (high 












Having high thermal conductivity and a wide range of band gaps the InN, GaN, and 
AlN materials whose band gap are 0.64 eV, 3.4, and 6.2 eV, respectively, enable the group of 
III-nitride devices to work in high temperature environments, as shown in the Table 2. The 
significant advantage of having high electron velocity and mobility characteristics makes III-
nitride materials appropriate for high frequency applications as well. In addition, the 
breakdown field of III-nitride martials is high, which makes them well-suited for high voltage 
applications. The advantages of III-nitrides properties make them good candidates compared 
with conventional semiconductors such as III-arsenide and silicon. 
Lattice Constant InN GaN 
a 3.544  Å     3.189  Å 
c 5.718  Å 5.185 Å 
Figure 1. The crystal structure of InN and GaN. 




AlN InN GaN 
 
6.2 0.64 3.39 Band gap (eV) 
1.1 3.0 1.2 Electron mobility (103 cm2/(V∙s))  
2.7 1.8 1.3 Thermal conductivity(W/(cm∙K))  
4.2 3.8 5.59 Thermal expansion coefficient (10-6/ K)  
1.8 2.5 2.5 Saturated electron drift velocity (107 cm/s)  
11.7 1.0 3.3 Breakdown field (MV/cm)  
Table 2.  The optical and electronic properties of III-nitride semiconductors [8],[9]. 
Figure 2. The band gap energy and lattice constant of III-nitride semiconductor [7]. 
(Å)  
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1.3 Defects and Roughness in III-Nitride 
Defects in general appear in the semiconductor materials, especially during growth. In 
complicated semiconductor materials, the problem of intrinsic defects is difficult to fully solve. 
A wide variety of defects exist in the III-nitride semiconductor including extended defects and 
intrinsic defects. These defects impact the material quality which generally affects the electrical 
and optical properties. Extended and intrinsic defects have not been completely removed from 
consideration, even though researchers have been working for decades to do this. Through many 
years of research and development, the density of defects has only been reduced. The most 
common defects in III-nitride are vacancies and dislocations, and the lattice mismatch between 
two materials [5]. 
1.3.1 Vacancy and Dislocation  
The vacancy is defined as a missing atom in a crystal structure. The movement of the 
solid and distorted lattice around a vacancy is shown in Figure 3. The irregularity of the crystal 
structure or the crystal line defect is the definition of the dislocation in the semiconductor 
materials. Due to the high density of dislocations in III-nitrides, dislocations can greatly 
influence material properties [10], [11].  
 Edge dislocations, screw dislocations, and mixed dislocations including both edge and 
screw dislocations are different types of dislocation defects that occur in III-nitride 
heterostructures. The description of the magnitude and direction of these line defects is given 
by the Burger vector b as shown in Figure 4a. Changing the line direction in the crystal 
structure can change the type of dislocation. When the orientation of a dislocation line is 
perpendicular to the Burger vector b, the edge dislocation which is an extra half plane of 
atoms occurs in the lattice structure, as shown in Figure 4a [12] [13],[14].   
7 







The visualization of the edge dislocation is easier than screw dislocation. When one 
part of the crystal is displaced proportional to the other side, the screw dislocations appear, as 
shown in Figure 4b. In the screw dislocation, the orientation of the dislocation line is parallel 
to the Burger vector b. A corresponding stress is generated around the distortion material in 
Perfect Crystal Vacancy – Point Defect 
Figure  3 . Vacancy defects in crystal structure. 





Figure 4. Dislocation defects: a) edge dislocation b) screw dislocation [14],[15]. 
8 
both edge and screw dislocations. The combination of edge and screw dislocations produces a 
new defect called mixed dislocation [10] [11]. 
1.3.2 Mismatch Lattice Constant 
By growing an epitaxial layer on a substrate which has a different lattice constant, the 
lattice mismatch can occur between two materials. The differences of the lattice constant and 
the thermal expansion coefficients between the substrate and the epitaxial layer produce high 
dislocation densities resulting from the relaxation of both compressive and tensile strains in the 
material structures, as shown in Figure 5. Due to the expensive native GaN substrate, a variety 
of substrates such as silicon (Si), silicon carbide (SiC), and sapphire (Al2O3) have been used 










The lattice mismatch of III-nitride epi-layers grown on different substrates are shown  
Figure 5. Lattice mismatch between the substrate and III-nitride. 
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in the Table 3 [19,20,21,22,23,24,25]. Due to the tensile strain producing cracking defects 
while grown III-nitride on SiC and Si substrates, the most common substrate is sapphire. The 
commonly found dislocation density of GaN epitaxial layers on sapphire substrates is from 
108 cm-2 to 1010 cm-2[26]. Extensive research and investigation resulted in a very novel 
technique called lateral epitaxial overgrowth (LEO) to enhance epi-layers of III-nitrides by 
significantly reducing the dislocation density from 109and 1010 cm-2 to 106 cm-2. However, by 
using the LEO technique, the crystal quality can be improved only in a small window area and 
not over an entire substrate, for example [5] [27].  
 Al2O3 Si SiC GaN/ Al2O3 
InN 28% 8% 14% 10% 
GaN 16% 17% 3%   






Table 3.  Lattice mismatch for III-nitrides and commonly used growth substrates. 
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Chapter 2: Material Growth and Characterization  
This chapter will cover both the material growth mechanisms and characterization 
techniques. The growth of the InN and GaN layers was done using molecular beam epitaxy 
(MBE). After finishing the growth of the InN layer, the first epitaxial growth was characterized 
to study the properties and surface of InN including optical response, morphology of the surface, 
and crystalline characterization. The characterization studies were applied to the GaN epitaxial 
layer as well after finishing the growth procedure. 
2.1 Material Growth  
2.1.1 Molecular Beam Epitaxy (MBE) 
The term Molecular Beam Epitaxy (MBE) was used for the first time in the early 1970s 
[28]. Through getting sub-monolayer control and growing high quality crystalline materials, 
Molecular Beam Epitaxy has been demonstrated as a powerful technique for growing a wide 
variety of materials including GaN, InN, and AlN. One significant differentiation between MBE 
growth and many other techniques is the use of ultrahigh vacuum (UHV) which is generally 
measured in the growth chamber to be ~5x10-10 torr. The advantage of ultrahigh vacuum in the 
chamber is to reduce the concentration of impurities and assist in the delivery of the source 
material [29],[30],[31].  
Figure 6 shows a representative MBE diagram to describe some of the significant 
components and convey the basic principles. The MBE chamber contains effusion cells, each 
with a different pure elemental source. On the other side is the holder of the substrate. After 
heating, the elements, such as Ga and In, transport across the vacuum as vapor toward the 
substrate and subsequently become incorporated into the lattice of the crystalline structure. For 
the nitrogen source, a radio frequency plasma source is directed across the vacuum at the 
11 
substrate. This plasma activates the neutral diatomic N2 molecule into a neutral mono-atomic N 
atom, which in turn reacts with the crystal surface and metal species to grow the III-nitride 
materials.  To obtain the material uniformity on the surface, the substrate can be rotated during 
the growth process to account for any asymmetry in the MBE chamber. The MBE also 
incorporates a system for Reflection High Energy Electron Diffraction (RHEED) which can be 












Significant improvements in the achievement of the recently developed of electronic 
devices exist after the discovery of the MBE technique. MBE is able to grow epilayers, multiple 
quantum wells, heterostructures, and superlattices. It is also able to control cells, shutters, 
substrate temperatures, flux ratio, thickness, material composition, and crystal quality [30].   
  
Figure 6. Representative MBE diagram to describe some of the significant components [32]. 
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2.2 Characterization 
2.2.1 Atomic Force Microscopy (AFM) 
Atomic Force Microscopy (AFM) or Scanning Probe Microscopy (SPM) has become a 
beneficial technique to analyze the surface morphology at a possible resolution of materials at the 
nanoscale. This is made possible by using a cantilever which consists of a sharp tip made of 
silicon or silicon nitride, which has a maximum radius of curvature of ~10 nm.  This is used to 
scan the surface of the sample. The accuracy and precision of the AFM tip movement are 
extensively used to characterize the surface morphology of the sample [33],[34],[35]. 
There are several modes to produce an image by AFM including contact, non-contact, and 
tapping mode. Contact mode obtains high resolution images due to the continuous contact 
between the tip and surface of the sample during the raster scanning of the probe as shown in 
Figure 7a. The disadvantage of this mode is that the force between the probe and the sample can 
lead to damage of the surface and the tip.  
In the non-contact mode, the cantilever tip and the surface of the sample are measured 
without touching as shown in Figure 7b. This is possible by using amplitude modulation or 
frequency modulation between the sample and the probe because of the forces such as 
electrostatic or van der Waals. In this mode, the surface or the tip are not affected. However, the 
existence of a liquid surface layer can affect the surface morphology [33],[34],[35].  
Tapping mode is the combination between the contact and non-contact mode. The current 
research was performed by using tapping mode. In this mode, the tip of the AFM and the surface 
morphology are not affected through the slight contact. The amplitude of cantilever oscillation 
during the tapping is approximately (20-100 nm). The operation of the tapping mode is better 
13 
compared with contact and non-contact modes; however, small errors and noise can be 
introduced during the tapping scans. These errors might occur due to the size and shape of 







The height scale of the image ranged from 10 to 200 nm, while the Z-limit was between 2 
and 5 μm. To map the surface, multiple scan areas of 5 μm were used. A very slow scan rate of 
between 0.3 Hz and 0.5 Hz was chosen to obtain high quality images. Table 4 shows the 
parameters summary of the AFM imaging.  
 
Height Z-limit Scan area Scan rate Samples/Line 
10 - 200 nm 2-5 μm 5 μm 0.3 - 0.5 Hz 512 
2.2.2 X-Ray Diffraction (XRD)  
X-Ray Diffraction (XRD) is a beneficial technique for characterizing the atomic structure 
of a crystal by using x-ray radiation. The wavelength (λ) of the x-ray radiation is ~10-10 m, 
c) Tapping mode 
b) Non-contact mode 
a) Contact mode 
Figure 7. Operation principle of the AFM imaging modes: a) contact mode, b) non-contact 
mode, and c) tapping mode [36]. 
Table  4 . The parameters of the AFM imaging. 
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which is used because it is on the order of the atomic spacing of crystalline solids. In this section, 
XRD theory will be briefly explained to understand the crystalline structure  
and defects of the InN and GaN [37]. 
Copper (Cu) is used to generate the x-ray beam by bombarding it with high energy 
electrons in an evacuated tube. The x-ray radiation passes through a crystal monochromator to 
choose a narrow band of wavelengths of the x-rays before interacting with the sample. In the 
crystal sample, the x-rays interact with the electron clouds of the lattice atoms and are reflected 
coherently at the same wavelength. Constructive interference will be created by the scattered x-
ray waves when the distance between the scattered x-ray waves are in phase and satisfy Equation 
1 [37]. Figure 8 shows a representation of this equation, which is known as Bragg’s Law. Here, 
the x-ray wavelength is 𝜆, the distance between atomic planes is 𝑑, and the incident beam angle 









𝑛𝜆 = 2𝑑 sin 𝜃 (Equation 1) 
A B 
Figure  8. Presentation of Bragg’s Law [37]. 
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For simple applications, the XRD measurement can be utilized in either an ꞷ-scan or an 
ꞷ-2θ scan. The first scan type is the ꞷ-scan, which can be used to measure material quality, 
determine curvature, and detect the dislocation density. The second scan type, the ꞷ-2θ is 
generally used to determine the crystal lattice parameters of the observed materials.  
The ꞷ-scan of a single crystal can be analyzed by determining various mechanisms which 
broaden the FWHM of a given reflection.  These can be used to characterize many values 
including the defects in the structure, the broadening of the instrument, strain, curvature of the 
wafer, and the limited correlation length. In complicated semiconductor materials such as III-
nitrides, the high density of intrinsic defects is still a challenging problem to solve. A wide 
variety of defects exists in the III-nitride semiconductors. Twist and tilt of the lattice at the 
dislocation sites result in ꞷ-scan broadening. Edge dislocations generally result in twist, and 
screw dislocations result in tilt. The wafer curvature which is produced from strain can also 
generate a broadening in the line width of the ꞷ-scan. This curvature can be the result of a 
strained layer of one lattice constant on another such as the growth of InN on a GaN substrate. 
The long-range order of a crystal or the correlation length is an indication of the crystallite 
size in crystallography. Equation 2 shows the inverse proportionality between the peak width, 𝐵, 
from an ꞷ-scan and the crystallite size. Here 𝐿 is crystallite size, 𝜆 is the wavelength of the X-





2.2.3 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is a valuable technique which obtains high-
resolution electron micrographs to characterize the material surface. SEM is extensively utilized 
(Equation 2) 
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to analyze the surface morphology by bombarding an electron beam. Figure 9 shows a diagram 
highlighting the working principle of an SEM.  Here, an electron beam emitted from a hot anode 
is focused and scanned across the surface of the sample using electromagnetic lenses. The 
electron beam interacts with the sample by several different mechanisms and is subsequently 
sensed by multiple detectors in order to form an image [39].  
The two main types of images used commonly are backscattered electron image and 
secondary electron images. Both types are used with different materials and provide general 
topographic information images about the surface. Additionally, relative chemical make-up of a 
sample can be provided by the backscattered electrons which depend on the atomic number of the 
imaged material. The secondary electrons which are less energetic are used infrequently as 
compared with backscattered electrons [39]. 
Backscattered electrons are the elastic scattering between an atomic nucleus and incoming 
electrons. This type is reflected in a wide range of scattering angles with ideally no loss of 
energy. On the other hand, secondary electrons can have energies less than 50 eV and are the 
result of potentially many inelastic scattering events between the incoming electrons and the 
valence electrons of the lattice atoms [40]. The SEM images can provide more information by 
using high magnification (80000x to 100000x). 
2.2.4 Photoluminescence 
Photoluminescence (PL) is suitable technique in characterizing semiconductor material 
such as III-nitrides. In this technique, photons are generated by a laser which has larger energy 
than the III-nitride band gap through the movement of excited electrons from the valence band to 
the conduction band. As a result, the carriers will stay at lower energy level. This action will lead 
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to create electron-hole recombination and photon emission. The radiative light created from 
electron-hole recombination will be detected by using the PL mothed. The benefits of PL 
measurement are the ability to give various information of the donor and acceptor levels, 
extended defects, impurities, doping, layer thickness, composition, strain, and crystal order as 
seen in Figure 10. The properties of the light in a specific range of wavelengths can be measured 
using an optical apparatus called a spectrometer [42] [43]. 
2.2.5 Transmission Electron Microscopy  
Transmission Electron Microscopy (TEM) is a valuable technique which uses a high 
energy electron beam to characterize the crystallographic structure, morphology, and elemental 
composition of a sample. Figure 11 shows the operation principle of TEM imaging [44]. Here, a  
Figure 9. SEM working principle [41]. 
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high energy electron beam from a field emission electron gun is directed toward and through the 
thin sample. The path of the electron beam is manipulated through the electrostatic or magnetic 
fields. The beam size and focus on the sample can be controlled through changing the current in 
the condenser lenses. Then, the fraction of electrons near the optic axis can be controlled through 
the condenser aperture to achieve the target. The objective lens is used to control the focus of the 
image by collecting the transmitted electrons from the specimen that should have thickness less 
than 300 nm [45] [46].   
To produce an image in the TEM, the electron beam will go through an objective aperture 
Figure  10. Schematic representation of the photoluminescence measurement of observing 
possible optical transition. 
19 
to prevent any electrons diffracted that have high angle and will go directly to a phosphorous 
screen through the intermediate and projector lenses. In the phosphorous screen, photons will be 
generated through incident electrons which have intensity proportional to the electron energy 
distribution. Photodetectors and electron detectors collect the data to process and to form the 
image. 
2.2.6 Raman Spectroscopy  
Raman spectroscopy is a beneficial technique in characterizing the crystal lattice of 
materials. It is utilized to determine the crystal structure, analyze the crystal stress, and analyze 
the defects. In general, the electric field in light induces a polarization when it scatters off a 
material, either elastically or inelastically. The Raman scattering, which is part of the inelastic 
regime can be considered as anti-Stokes (gaining energy) or Stokes (losing energy). Both anti-
Stokes and Stokes signals are extremely weak in comparison with the laser line. As a result, the 
Raman signal can only be observed by strong filtering of the laser line. The scattering geometry 
and polarization of light govern the so-called Raman selection rules, which dictate the visible 
interactions between the light and the crystal   according to symmetry. The Raman selection rules 
are fundamental to determine the symmetry of the crystal and the allowed Raman modes. The 
wurtzite structure of III-nitride from the space group P63mc or 𝐶6𝑉
4  has a hexagonal crystal 
system.  
The resulting active Raman modes are labeled E1(TO), E1(LO), A1(TO), A1(LO), 
E2(high), and E2(low), while there is one extra forbidden mode, B1. The polarization of the 
incident light and the crystal orientation can affect these modes which have high sensitivity. The 
notation of Porto describes the experiment of the Raman scattering and indicates the crystal 




consists of A(BC)D, where A and D are the propagation directions of the incident light and 
reflected light, and B and C are the polarization directions of the incident light and reflected light.  
The scattering geometry of 90° can belong to x(zy)y; however, the backscattering 
geometry can belong to x(yy)x, x(zz)x, z(xy)z, z(xx)z, and x(yz)x. Table 5 shows the Raman 
selection rules of the III-nitride wurtzite structure [47] [48]. Table 6 also shows the phonon 
frequencies of GaN and InN layers [49] [50]. The [0001] direction substrate is usually utilized to 
grow the III-nitride material, so the configurations of z(xy)z and z(xx)z of backscattering 
Figure  11. Operation principle of TEM imaging. 
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geometry can be observed easier through the z direction which is along the III-nitride growth 











Configurations Allowed Modes 
x(yy)x A1(LO), E2(high), E2(low) 
x(zz)x A1(LO) 
z(xy)z E2(high), E2(low) 
z(xx)z A1(LO), E2(high), E2(low) 
x(yz)x E1(TO), E1(LO) 
x(zy)y E1(TO), E1(LO) 
Phonons GaN (cm-1) InN (cm-1) 
E2 (high) 569 491 
E1 (TO) 560 475 
A1 (TO) 534 445 
Table 5.  Raman selection rules of III-nitride wurtzite structure. 
Table 6. Phonon frequencies of GaN and InN layers. 
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Chapter 3: Results and Discussion  
Four samples were studied for this research. Samples A and B were used to characterize 
the InN layer by changing the thickness and temperature of the growth. Both samples were grown 
by MBE on GaN/ sapphire substrates. These substrates consisted of 5 μm of HVPE grown GaN 
on sapphire wafers. For the MBE growth, the substrate has to be heated to a specific temperature 
while the sapphire wafer, which is infrared transparent, cannot absorb enough thermal radiation 
to heat the sample. To solve this problem, a backside coating of Ti with thickness of ~1 µm was 
deposited prior to growth to improve the heat radiation absorption throughout the growth process. 
Then, a GaN buffer layer was grown by MBE with a thickness of 200 nm at a temperature of 795 
°C before the growth of the InN layer to ensure high crystal quality and good morphology. The 
thickness and growth temperature of the InN layer for sample A were 300 nm and 450 °C, and 










Figure  12 . Growth structure of a) sample A and b) sample B. 
a) b) 
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3.1 InN on GaN Substrate (A)  
3.1.1 Surface Quality Characterization 
Atomic Force Microscopy (AFM)  
The InN layer in sample A was measured by Atomic Force Microscopy (AFM) to 
characterize the surface morphology. The AFM characterization was completed by using a 
cantilever which consist of a sharp tip made of silicon with a small radius of curvature about 10 
nm. To investigate the surface uniformity, AFM images were obtained in numerous places across 
the surface of the sample which was approximately 25 mm × 25 mm. To characterize the surface, 
mapping was performed by taking 42 images, approximately uniformly spaced across the sample.  
After measuring the surface, three types of defects were found which will be called the 
small pit, big pit, and crack defects. Figure 13 shows a representative image of the surface 
morphology of the InN layer. The image size was 5 µm × 5 µm, and the height scale ranged from 
0 to 33.9 nm. The small pit, which was randomly chosen, had a width of ~45 nm and a depth of 
~6.3 nm. The average width and depth of small pits in this image were ~53 nm and 8.89 nm, 
respectively. For the big pit, which also was randomly chosen, the width was ~130 nm, and the 
depth was 22 nm. The average width and depth of the big pits in this image were 121 nm and 
23.1 nm, respectively. A representative crack in the image was measured to have a width (or 
length) of 740 nm and a depth of ~22.9 nm. The average width and depth of cracks in this image 
were 689 nm and 23.03 nm, respectively. The density of pits in this image was ~3.4 ×108 cm-2 
which was calculated by using Equation 3 where 𝑛 is the number of pits, 𝑎2 is the area, and the 




 (Equation 3)  
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As a second example of the surface morphology of the InN layer, Figure 14 shows a 
representation of the opposite side of the sample from that shown in Figure 13. The image size 
Figure 13. Representative surface morphology of the InN layer from the right side of the 
sample. 
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was 5 µm × 5 µm, and the height scale ranged from 0 to 43.4 nm. The sizes, depths, and densities 
of all the features were very similar to those found in Figure 13. This exemplifies the uniformity 
of the InN growth over the entire wafer such that this could be considered as a good starting point 














Figure  14. Surface morphology of InN layer from the opposite side of the sample that was 
shown in Figure 13. 
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Mapping the sample resulted in improved statistics for each defect type and an affirmation 
that the sample was quite uniform.  Generally, it was understood that these defect types were the 
result of threading dislocations intersecting the surface of the layer, which was substantiated by 
the observed density of pits.  However, the number was slightly smaller than the dislocation 
density measured by XRD seen in the next section.  More detailed correlation of the origin of the 
pits is beyond the scope of this work.  Here, only a standard surface to study the growth of GaN 
on is required.  Table 7 summarizes the average width and depth, and pit density of the InN layer 
in sample A.  
InN (300 nm) Average width of pits (nm) Average depth of pits (nm) 
Small pit 58 ±9.3 12.46 ±5.04 
Big pit 130.5 ±7.4 26.7 ±5.7 
Crack 557 ±150 27.51 ±8 
Pit density (cm-2) 5.26 ×108 
 
Scanning Electron Microscopy (SEM) 
Scanning Electron Microscopy measurement was performed to additionally characterize 
the surface morphology of the InN layer in sample A. The purpose of  measuring the sample by 
SEM  was to compare the SEM images wtih AFM images and make sure both images showed 
the same defects.  Figure 15 shows the three different types of defects including samll pits, big 
pits, and cracks. The images were taken with high magnification to see more details. The 
widths of the big pits shown here were approximately 106 nm, 135 nm, and 117 nm which 
were simlar to the big pits seen with AFM. Therefore, the SEM images appeared to show the 
same defects as the AFM images.  
Table  7 .  Summary of the average width, depth, and pit density of InN layer in sample A. 
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3.1.2 Structure Characterization 
X- Ray Diffraction  
After characterizing the surface quality, characterization was performed by XRD to 
investigate the structure quality of the sample. X-ray diffraction (XRD) was performed to 
characterize sample A structure. There are two main methods of analysis in simple XRD; ꞷ-2θ 
measurements and ꞷ-scan or rocking curve measurements. An ꞷ-2θ or simply 2θ measurement 
was carried out to determine the lattice parameter of materials. A rocking curve measurement can 
characterize the dislocation density and material quality in two different ways; twist and tilt. 
Twist can be measured from mixed dislocations using a (102) asymmetric rocking curve, and 
lattice tilt can be measured from screw dislocations using a (002) symmetric rocking curve. The 
dislocation line for the edge dislocation in asymmetric measurement is perpendicular to the 
Burger vector which is difficult to measure using standard XRD geometry.  
To solve this problem, the edge dislocation can be measured from the mixed dislocations 
which includes both screw and edge dislocations. For the screw dislocation, the dislocation line 




Figure  15 . Surface morphology of InN by SEM. 
28 
in the symmetric measurement is parallel to the Burger vector. Both edge and screw dislocations 
can be calculated from the peak width. The full width at half maximum (FWHM) values, which 
are associated with lattice distortion can be utilized to calculate the dislocation density. Equation 
4 was utilized to calculate the dislocation density (𝐷) given the FWHM (ꞵ) and the relevant 
Burger vector length (𝑏), given by Equation 5 with the edge length of the unit cell (𝑎) and the 








√U𝟐 + V𝟐 + W𝟐 
Figure 16 shows the XRD peaks of the ꞷ-2θ scan in a semi-log scale for the InN layer 
grown on the GaN/ sapphire substrate. The XRD peaks for sample A were located at θ = 15.6° 
for the InN layer and 17.2° for GaN layer. The peak of the InN layer corresponded to the 
hexagonal phase (0002) plane diffraction of InN. Here, the peak widths were broadened 
artificially due to the low-resolution settings of the instrument. This measurement was performed 
at low resolution in order to get a strong signal from the film. 
Figures 17 and 18 show rocking curves with the mixed dislocations derived from the 
(102) peak in Figure 17 and the screw dislocations derived from the (002) peak in Figure 18. By 
using Equation 4, the mixed dislocation density was found to be 1.89×1010 cm-2, while the screw 
dislocation density was found to be 2.62×109cm-2. 
Optical Transmission 
Optical transmission is a valuable technique which can be used to measure the optical 
quality of the crystal structure of the material. The working principle of the procedure in optical 
(Equation 5)  













Figure  17 . Peaks of XRD for InN layers grown on GaN/ sapphire substrate. 
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transmission is to measure the intensity of light which makes it through the sample over a wide 
range of wavelengths. A spectrometer which contains both a tungsten and deuterium lamp was 
used to analyze light in the range from 200 nm to 1700 nm. The transmitted curve can generally 
be utilized to determine the bandgap of materials. Figure 19 shows a Tauc plot which is derived 
from the optical transmission measurement of the InN layer.  
The measurement was performed at room temperature.  For the transmission curve in 
Figure 19, the light can be absorbed when the energy is higher than the band gap of InN which 
means there is no transmission. While the energy is less than the band gap of InN, the light can be 
transmitted which means the turn-on point indicates the energy of the band gap. To calculate the 
transmitted light, Equation 6 was utilized, where 𝑇 indicates the transmission, 𝐼° indicates the 
reference intensity of the air, and 𝐼 indicates the intensity of light which passed through the 
sample. 






From this, the bandgap energy of InN was determined to be ~0.77 eV which is the same 
typical bandgap of InN at room temperature [51] [52]. From this result, the surface and structure 




(Equation 6)  
Figure  19 . Transmission light of InN layer. 




















3.2 InN on GaN Substrate (B): 
3.2.1 Surface Quality Characterization 
Atomic Force Microscopy (AFM) 
The InN layer in sample B was also measured by Atomic Force Microscopy (AFM) to 
characterize the surface morphology. AFM images were obtained in numerous places across the 
surface of the sample which was approximately 25 mm × 25 mm to investigate the surface 
uniformity.  After measuring the surface, there were many defects found in the surface. Figure 20 
shows a representative image of the surface morphology of the InN layer.  
The image size was 5 µm × 5 µm. The height scale ranged from 0 to 29.5 nm. Similar to 
Sample A, there were small pits and big pits. However, notably, the crack type defect was absent. 
This was believed to be due to the lower growth temperature along with the thicker growth. A 
randomly chosen small pit shown had a width of ~118 nm and depth of 7.75 nm. The average 
width and depth of small pits in this image were 137 nm and 8.89 nm, respectively. For the 
random big pit, the width was ~177 nm, and the depth was 28.2 nm. The average width and depth 
of the big pits in this image were 215 nm and 23.12 nm, respectively. The density of pits in this 
image was ~5.8 ×108 cm-2. 
Another example from the opposite side of the sample of the surface morphology of the 
InN layer is shown in Figure 21. The image size was 5 µm × 5 µm, and the height scale was from 
0 to 29.9 nm. Very similar to the image in Figure 19, the small and big pits followed the same 
size distribution with a total density of 4.12 ×108 cm-2. 
After mapping the sample, the same defects were found in the sample which were the 
result of the threading dislocations in the InN structure. Table 8 summarizes the average width, 
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depth, and pit density of the InN layer in the sample. 
 
Scanning Electron Microscopy (SEM) 
Scanning electron microscopy measurements were performed to characterize the surface 
morphology of the InN layer in sample B as well. After comparing between the AFM images 
and the SEM images, similar defects were found in both images.  Figure 22 shows SEM 
images containing two different types of defects including samll pits and big pits. The images 
were taken with high magnification to detect more details. The width of the big pits ranged 
from 101 nm to 134 nm and were simlar to those found in AFM. Therefore, the SEM images 
show the same features found in the AFM images. 




3.2.2 Structure Characterization 
X-Ray Diffraction 
After characterizing the surface quality, structural characterization was performed by 
XRD to investigate the structural quality of sample B. ꞷ-2θ and rocking curve measurements 
could characterize both the dislocation density and material quality. Both edge and screw 
InN (1000 nm) Average width of pits (µm) Average depth of pits (nm) 
Small pit 124 ±20 9.97 ±2.4 
Big pit 202 ±50 25.11 ±3.6 
Pit density (cm-2) 3.58 ×108 
Table  8 .  Summary of the average width, depth, and pit density of the InN layer in the sample 
B. 
Figure  21. Surface morphology of InN layer from the left side of the sample. 
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dislocations could be calculated from the peak width. Figure 23 shows the peaks in the ꞷ-2θ of 
XRD patterns in a log scale for InN layers grown on GaN/sapphire substrate. The XRD peaks for 
sample B were located at θ = 15.6° for the InN layer and 17.2° for the GaN layer.  
The peak of InN layer corresponded to the hexagonal phase (0002) plane diffraction of 
InN. The full width at half maximum (FWHM) was observed to be much narrower than those in 
Figure 16 for sample A. This was due only to the high-resolution parameters used to obtain the 
scan.  Those high-resolution parameters were chosen in order to obtain a better picture of the 
absolute lattice constant in proportion to the scattering angle of 15.6°.  The narrow peak width 
did not indicate anything different about the quality of the crystal other than both samples A and 
B were very good. Figure 24 shows the mixed dislocation peak by XRD in (102), and Figure 25 
shows the screw dislocation peak in (002). By using Equation 4, the mixed dislocation density 
was found to be 1.08×109 cm-2, while the screw dislocation density was found to be 6.3×108cm-2. 
Figure  22. Surface morphology of InN by SEM. 
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Figure  24 .  Peaks of XRD for InN layers grown on GaN/ sapphire substrate in sample B. 
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In order to investigate the optical quality of the InN layer in sample B, photoluminescence 
was performed as a function of temperature, down to 77 K.  In PL, light of higher energy than the 
InN bandgap (here, from a HeNe laser at 632.8 nm or 1.959 eV) is directed towards the sample, 
and through absorption excites an electron from the valence band to the conduction band. 
Subsequently, after relaxing back to the conduction band edge, the electron will spontaneously 
relax further across the bandgap and emit a photon with energy equal to the bandgap. The PL 
emission from the InN layer found the peak position ranging from 0.69 eV to 0.71 eV.  Figure 26 
shows the different peak positions with variable temperatures. The peak positions at low 
Figure 25. Screw dislocations (002) in sample B. 
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temperature were shifted towards higher energy, while the peak position at high temperature were 
shifted lower in energy. This was the expected response of high-quality InN material. 
 
After characterizing sample A with the 300 nm InN layer grown at 450 °C and sample B 
with the 1000 nm layer grown at 400 °C, it was generally shown that sample B had less defects 
than sample A. The pit density of sample A was 5.26 ×108 cm-2 with three different types of 
defects (small pits, big pits, and cracks), while the pit density of sample B was 3.58 ×108 cm-2 
with only two types of defects (small and big pits). The dislocation densities from the FWHMs of 
the XRD peaks in sample B were 1.08×109 cm-2 and 6.3×108 cm-2  for mixed and screw 
dislocation, respectively.  This demonstrated higher quality that those in sample A, which were 
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1.89×1010 cm-2 and 2.62×109 cm-2, respectively. Therefore, the growth parameters for sample B 
were used to grow InN layers on which to study the growth of GaN on the top of the InN layer.  
3.3 GaN/ InN after the Growth at High Temperature (sample C) 
The growth of GaN by MBE technology is usually carried out at a high temperature of 
approximately 795 °C for high crystalline quality and good morphology. On the other hand, to 
ensure having high crystalline quality and good morphology, the growth temperature of InN is 
around 400 °C. When the temperature increases to grow the GaN layer, the InN usually 
evaporates at the high temperature. In order to protect the InN from evaporation during the GaN 
growth, a cap layer of GaN of 10 nm was grown at the low temperature of 400 °C. Then, a GaN 
layer of 50 nm was grown at high temperature (795 °C). Figure 27 shows the structure growth of 
sample C. 
 
Figure  27. Structure growth of sample C. 
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3.3.1 Surface Quality Characterization 
Optical Microscope 
Before taking AFM images, optical microscope images were obtained to have a better 
understanding of the wide-ranging macro-scale surface morphology. Optical microscopy is a 
valuable technique to measure the surface morphology over wide areas. Figure 28 was taken by 
optical microscopy which showed new defects. The width and height of the images were 669.59 
µm × 683.19 µm. After mapping the surface of the sample C, two types of morphology were 
found in general. Some areas had flat surface, and some areas had very rough characteristics. 
 
Atomic Force Microscopy (AFM) 
The GaN layer in sample C was measured by Atomic Force Microscopy (AFM) to 
characterize the surface morphology. AFM images were obtained in numerous places on the 
surface of the sample which was approximately 25 mm × 25 mm to investigate the surface 
Figure  28 . Surface morphology of sample C by optical microscopy. 
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uniformity. Mapping the sample was done to characterize the surface by taking many images. 
After measuring the surface, there were three distinct morphologies found in the surface. Figure 
29 shows the surface morphology of the GaN layer on sample C. The image size was  5 µm × 5 
µm. 
The first type of the morphology of GaN was the flat areas. As shown in Figure 29, the 
height scale ranged from 0 to 17.1 nm. This area suffered from ridge defects which had width 
ranging from 200 nm to 1700 nm and depth ranging from 1.9 to 3 nm. The depth of the dark area 
was 11.33 nm, and the width was 510 nm.   
As shown in Figure 30, the height scale ranged from 0 to 17.5 nm. This area also suffered 
from ridge defects which had widths ranging from 120 nm to 610 nm and depths ranging from 
0.6 to 7.712 nm. The depth of the dark area was 6.08 nm, and the width was 294 nm.   
 
Figure  29 . Surface morphology of GaN layer at the flat area of sample C. 
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The second type of morphology of GaN was the rough areas. As shown in Figure 31, the 
height scale ranged from 0 to 60.8 nm. This area exhibited a large defect which had a width of 
727 nm and height of 74.05 nm. This image also exhibited smaller defects with width of 373 nm 
and height of 28.36 nm.   
The third type of the morphology found on sample C was very rough areas. As shown in 
Figure 32, the height scale ranged from 0 to 246.9 nm. This area suffered from very large defects 
with widths of 1277 nm and heights of 493.62 nm. 
 




Figure  32. Surface roughness of second type of defects. 
Figure  31. Very rough surface of third type of defects. 
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Scanning Electron Microscopy (SEM) 
Scanning electron microscopy was performed to characterize the surface morphology of 
the GaN layer on sample C as well. After comparing between the AFM images and SEM 
images, similar surface features were found in both images.  Figure 33 shows the three 
different types of surface morphologies: flat, rough, and very rough. The images were taken 
with a relatively low magnification of 1200x to detect the morphology of the surface. The 









3.3.2 Structure Characterization 
X-Ray Diffraction 
After characterizing the surface quality, structural characterization was done by XRD. X-
ray diffraction (XRD) was performed to characterize sample C structure. The ꞷ-2θ and rocking 
curve measurements again were performed in order to investigate the lattice constant of the 
grown films and the dislocation density, respectively.  
50 µm 50 µm 
Figure  33. Surface morphology of GaN by SEM. 
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Figure 34 shows the peaks in the ꞷ-2θ of XRD patterns in a semi-log scale for GaN layers 
after the growth on InN layer. Generally, the measurement was performed over a range sufficient 
to observe both the InN and the GaN peaks, however, as can be seen, the InN peak was 













corresponds to the hexagonal phase (0002) plane diffraction of the GaN. Figure 35 shows the 
mixed dislocation peak by XRD in (102), and Figure 36 shows the screw dislocation peak in 
(002). By using Equation 4, the mixed dislocation density was found to be 1.05×109 cm-2, while 
the screw dislocation density was found to be 6.77×108cm-2.  These are generally understood to 
be the dislocations in the substrate and not the result of the growth. 
Figure  34 . Peaks (ꞷ-2θ) of XRD for GaN layers grown on InN in sample C. 
 




















        GaN/ InN




Figure  36.  Mixed dislocation (102) in sample C. 
Figure  35. Screw dislocation (002) in sample C. 
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Raman Spectroscopy  
Raman spectroscopy is a beneficial technique for characterizing the crystal lattice of 
materials. In this analysis, the spectra of Raman are detected in a backscattering configuration. 
Similar to XRD, Raman is very sensitive to chemical composition. So, it was selected as a 
technique to look for any InN in sample C. Additionally, and very different from XRD, Raman is 
performed in an optical microscope with lateral resolution on the order of micrometers.  
Therefore, it should be possible to resolve between the different surface features found on sample 
C. The green curve of Figure 37 shows the Raman spectra from a GaN substrate as a reference. 
The blue curve shows the Raman spectra from sample B as an InN reference as well. The red 
curve shows the Raman spectra from sample C with both the GaN and InN layers.  However, as 
can be seen in Figure 37, only the strong Raman signature of GaN was observed with the 
characteristic E2 (high) peak dominating at 570 cm-1.  Raman spectra were measured at many 
positions covering all of the main surface features and there was little deviation from what is 
shown in Figure 37. 
Energy Dispersive X-ray (EDX) 
Energy Dispersive X-ray (EDX) is a valuable technique for determining the elemental 
makeup of the material within the area of interest. EDX is integrated with the Scanning Electron 
Microscope (SEM). In EDX, the high energy electron beam from the SEM excites core level 
electron transitions within the atoms of the material being studied. The relaxation of these core 
level excitations gives off x-rays which are characteristic to each atom.  These x-rays are 
collected, and the energy analyzed to determine the chemical makeup of the material. Figure 38 
shows the EDX analysis of sample C. As seen, the elements found were only Ga and N. This not  
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only confirms that there was no InN in the sample, but all of the originally deposited In was gone 
as well.  
In summary, many measurements were performed to characterize the surface and the 
structure of sample C including optical microscopy, AFM, SEM, XRD, Raman, and EDX. By 
characterizing the sample, it was determined that the low temperature cap of GaN was not able to 
prevent the InN layer from evaporating at high temperature. To get high quality growth, GaN was  
Figure  37 . Raman spectra of flat region in sample C.  Only GaN was present. 
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grown at 795 °C as is normal for GaN by MBE. As seen in the Raman and XRD, the peak of InN 
was not found. Also, the EDX analysis to identify the element of the sample showed only Ga and 
N.   
3.4 GaN/ InN after the Growth at Low Temperature (Sample D) 
 MBE was also used to grow GaN on InN at a low temperature of approximately 400 °C 
to make sure that the InN would not evaporate. The GaN/sapphire substrate was used for the 
growth structure. Then, a buffer layer of GaN was grown with a thickness of 200 nm at 795 °C to 
obtain high crystalline quality and good morphology. The InN was grown over the buffer layer of 
GaN following the parameters determined in sample B, i.e., 1000 nm at 400 °C. After that, a 
layer of GaN was grown at the same temperature of InN layer, 400 °C, with a thickness of 50 nm. 
Figure  38 . EDX analysis to show the element of sample C. 
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Figure 39 shows the growth structure for sample D. 
 
3.4.1 Surface Quality Characterization 
Atomic Force Microscopy (AFM) 
The GaN layer in sample D was also measured by Atomic Force Microscopy (AFM) to 
characterize the surface morphology. The surface was mapped similarly to previous samples. 
Figure 40 shows the surface morphology of the GaN layer found on sample D. The image size 
was 5 µm × 5 µm. The height scale ranged from 0 to 96 nm. As shown in Figure 40, the surface 
morphology of GaN on sample D was highly uniform, but very rough. The surface features look 
like Y-shaped structures with a few tetragonal islands which are created because of the low 
temperature growth of the GaN layer [53].  
 
Figure  39 . Structure growth of sample D. 
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Scanning Electron Microscopy (SEM) 
Scanning electron microscopy was also performed to characterize the surface morphology 
of the GaN layer in sample D. After comparing between the AFM images and SEM images, the 
same defects were found in both.  Figure 41 shows the surface defects of the GaN layer on the 
sample. The images were taken with magnification of 1500x to detect the morphology of the 
surface. The images had simlar defects (Y-shaped structures with a few tetragonal islands) 
compared with the AFM image. Therefore, the SEM images show the same features as AFM. 
3.4.2 Structure Characterization 
X- Ray Diffraction 
After characterizing the surface quality, structural characterization was performed by 
XRD. As before, the ꞷ-2θ and rocking curve measurements were used to characterize both the 
lattice constant and the dislocation density in the material. Both edge and screw dislocations  
Figure  40. Surface morphology of sample D by AFM. 
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could be calculated from the peak width. Figure 42 shows the peaks in the ꞷ-2θ scan in a semi 
log scale for sample D. The XRD peaks for sample D were located at θ = 15.6° for InN layer and 
17.2° for GaN layer as well. 
Those corresponded to the bulk relaxed values of the reflections from the hexagonal 
(002) planes.  However, there was a weak peak centered at ~16.5°. This was likely the result of 
some alloy formation due to diffusion at the interface between the InN and the GaN, even at the 
low temperature. Additionally, seen in Figure 42 was a peak at ~18.8°.  This was known to be 
AlN which was used by the substrate manufacturer as a nucleation layer between the sapphire 
and the GaN. Figures 43 and 44 show the rocking curves for the GaN on sample D. Figure 43 
shows the screw dislocation peak in (002), and Figure 44 shows the mixed dislocation peak by 
XRD in (102). By using Equation 4, the mixed dislocation density was found to be 1.08×109 cm-
2, while the screw dislocation density was found to be 6.3×108 cm-2.  Because these were so 
3µm 3µm 
Figure  41 . Surface morphology of the sample D by SEM from two representative positions 
on the sample. 
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similar to those in sample C, it was determined that they were most likely just a characterization 
of the substrate again, and the GaN film was not significant enough to affect the linewidth. 
 
Raman Spectroscopy  
Raman spectroscopy is a beneficial technique in characterizing the crystal lattice 
materials. Here, the Raman spectra were again acquired in the backscattering configuration where 
the E2 (high) phonon mode was most significant. In Figure 45, the Raman spectra taken at room 
temperature is shown three graphs. The green curve shows the Raman spectra from a GaN 
substrate as a reference. The blue curve shows the Raman spectra from sample B as an InN 
reference as well. The red curve shows the Raman spectra from sample D with both the GaN and 
InN layers. 
Figure  42 . Peaks (ꞷ-2θ) of XRD for GaN layers grown on InN for sample D. 
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Figure  44.  Screw dislocation (002) for GaN layer on sample D. 
Figure  43. Mixed dislocation (102) for GaN layer on sample D. 
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 Generally, the curve from sample D was featureless.  However, a very weak peak could 
be seen at the position corresponding to the main InN peak from sample B, around 495 cm-1.  
This indicated that the GaN was not crystalline but, at the same time, it appeared to be absorbing 
the laser light such that the Raman from the InN film below was only weakly visible.  This is 
very common for GaN, because with this wide bandgap material many of the well-known defect 
states exist within the bandgap and are, in fact, optically active. 
 
Figure  45. Raman spectra of GaN/ InN layers. 
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Energy Dispersive X-ray (EDX) 
EDX was used to examine the material for chemical composition similar to previous 
samples.  Figure 46 shows the EDX analysis of sample D. As expected, all of the elements 
deposited were present, including both Ga and In.  The signal from N could not be resolved due 
to its inherent weakness (low atomic mass) and the fact that it was overlapped by the very strong 
In signal. 
Photoluminescence (PL) 
PL was performed on sample D in order to observe any emission from the GaN layer.  
However, the emission was completely absent, which again attested to the relatively poor quality 
of crystalline structure. 
Figure  46. EDX analysis to show the elements of sample D. 
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Chapter 4: Conclusion and Future Work 
The qualities of the surface and structure obtained indium nitride layers on gallium 
nitride (GaN) / sapphire substrates were described and studied in this work. Many techniques 
were used to study the InN layers and GaN layers after the growth. Solving the current research 
challenge of GaN on InN growth and investigating the properties of these layers were significant 
for the performance enhancement of III-nitride microelectronics and optoelectronics devices. 
Two samples were used to understand good growth parameters for InN. Different thicknesses 
(300 nm and 1000 nm) and temperatures (450 ˚C and 400 ˚C) were studied. To characterize the 
surface morphology of the InN layers, atomic force microscopy, scanning electron microscopy, 
and optical microscopy were performed. In addition, to characterize the crystalline structure of 
InN layers, x-ray diffraction, Raman spectroscopy, and energy dispersive x-ray were performed.  
For 300 nm and 450 C˚ growth of InN layer, it showed from three types of surface 
defects including small pits, big pits, and cracks. The pit density was 5.26 ×108 cm-2. On the 
other hand, for 1000 nm and 400 ˚C growth of InN layer, it showed two types of defects 
including small pits and big pits.  The cracks were noticeably absent. The pit density for that 
sample was 4.12 ×108 cm-2. From that study, the InN layer of 1000 nm thickness and 400 ˚C 
temperature had higher quality compared with the InN layer of 300 nm thickness and 450 ˚C 
temperature. 
After the studies of the InN layers, the appropriate thickness and temperature growth for 
InN were found to obtain high-quality surface and structure with lower defects. Subsequently, a 
cap layer of GaN with a thickness of 10 nm was grown at the low growth temperature used for 
InN, 400 °C, on the InN to keep it from evaporating. Then, 50 nm of GaN was grown of the top 
of the cap layer at the normal high growth temperature for GaN. The GaN surface and structure 
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were characterized using the same methods. The surface had different defects, and the InN layer 
was not found.  
Based on this study, another sample was grown. For that sample, 50 nm of GaN was 
grown on the InN layer at the same low growth temperature used for the InN, 400 °C. The 
surface and structure of the GaN was characterized by AFM, SEM, optical microscopy, Raman 
spectroscopy, PL, and EDX. Because of the growth of GaN at low temperature, the surface 
morphology was very rough. However, more importantly, the growth of GaN on InN succeeded 
for this sample.   
In this study, there were several underlying questions that still need to be resolved. In 
order to put an end to most of the doubt of having InGaN alloy, transmission electron 
microscopy (TEM) should be done to characterize the crystallographic structure and elemental 
composition of the growth and, more importantly, to investigate the quality and structure of the 
interface. Furthermore, a variety of low temperature growths of the GaN to enhance the surface 
morphology and structure quality should be done as well. However, this study provided much 
information that could be understood to promote the growth of GaN as a low temperature cap 
layer. The structure for growing GaN on InN with a band gap of 3.4 and 0.7 eV will assist to 
improve the efficiency of the solar cells or LEDs. Solving these problems will help to produce 
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Appendix A: Description of Research for Popular Publication       
Studies of initial growth of GaN on InN  
By: Alaa Alnami 
Scientists are currently looking for new materials that can be used for society's needs 
such as solar cells, lasers, and LEDs. These materials generally are an incorporation of different 
atoms. III-nitride materials are a combination of gallium, indium, and aluminum with nitrogen. 
To obtain these materials with a high-quality, molecular beam epitaxy (MBE) is a valuable 
technique for organizing atoms on a substrate in perfect ways. Having high quality growth is the 
first step in building a device like a solar cell or LED light.  
Now, scientists at the University of Arkansas have been working to develop the growth 
quality by characterizing the surface morphology and crystalline structure of these materials. 
That can be possible by using different methods including atomic force microscopy, scanning 
electron microscopy, and optical microscopy for surface characterization; and x-ray diffraction, 
Raman spectroscopy, and photoluminescence for bulk characterization.  
Alaa Alnami and her professor, Dr. Morgan Ware, as scientists at the University of 
Arkansas worked to characterize two materials of III-nitride including InN and GaN with 
different thickness and temperature. First, Alaa characterized the InN layer which was grown by 
MBE through different techniques. She found the appropriate thickness and temperature for 
growing the InN layer to get the best quality. After choosing the best growth structure for the 
InN layer, the GaN layer was grown on the top of InN. The challenging part of this process was 
that both materials have different growth temperatures which can affect the growth quality of 
both materials. To get a high-quality InN layer, InN was grown at low temperature, while GaN 
has to grow at high temperature to obtain good quality. Trying to solve this problem, a cap layer 
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of GaN with a few nanometers thickness was grown on the top of the InN at low temperature to 
prevent the InN layer from evaporating. Then, another layer of GaN was grown at high 
temperature. After characterizing the surface and structure, she found that the cap layer was not 
able to prevent the InN layer from evaporating.  
Therefore, using another sample and growing the GaN on InN layer at low temperature 
was done. The surface morphology and crystalline structure were studied for that sample as well. 
That study will help scientists understand the surface morphology and crystalline structure of the 
two materials. Also, they will be able to develop the growth of the GaN on InN materials in 














Appendix B: Executive summary of newly created intellectual property 
The newly created intellectual property of this research is shown in the following list: 
1. Developing the surface morphology and crystalline structure was achieved by changing 
the thickness and temperature of InN layer using the MBE growth technique. 

















Appendix C: Potential Patent and Commercialization Aspects of listed Intellectual 
Property Items  
C.1 Patentability of Intellectual Property 
In this work, there was no presented devices, so the GaN on InN growth process is the 
intellectual property that might be considered 
1. The growth of a cap layer of GaN on the InN to prevent the InN form evaporating during 
the growth of the second layer of GaN at high temperature was not successful and cannot 
be patented.   
2. The growth of GaN on InN at low temperature was successful, but it was not a new idea. 
Therefore, it is not qualified to be patented.  
 C.2 Commercialization prospects 
The growth process of GaN on InN which is reported in this thesis is the culmination of 
this research effort. In this study, the growth process offers additional information which will be 
considered important for some researches providing important information for improving the 
current GaN on InN growth challenges and the quality of these layers. Furthermore, this study 
will improve the efficiency of the III-nitride devices such as solar cell. However, the growth 
methods and the characterization techniques of GaN on InN layers that were used in this research 
have been established long time ago by other researchers and are well known in this field.  For 
this reason, no patent will be pursued for this work.  
C.3 Possible Prior Disclosure of IP 
There was no prior disclosure of the IP. 
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Appendix D: Broader Impact of Research  
D.1 Applicability of Research Methods to Other Problems 
The explanation of the growth technique and the surface and structure characterization in 
this research are generally applied to study III-nitride semiconductor materials. The general 
technique that was used to grow the III-nitride material is molecular beam epitaxy. The used 
methods to characterize the surface morphology and growth structure were atomic force 
microscopy, scanning electron microscopy, optical microscopy, x- ray diffraction, light 
transmission, Photoluminescence, and Raman spectroscopy.  
D.2 Impact of Research Results on U.S. and Global Society 
This study can help improve many applications in both microelectronics and 
optoelectronics. For optoelectronic devices, including advanced solar cells and detectors, III-
Nitride materials with tunable energy band gaps are mainly used as the active area of these 
devices to enhance the absorption or emission. This study can be beneficial for the U.S. and 
global societies in the future by using renewable energy such as solar cells.  
D.3 Impact of Research Results on the Environment 
For the research of this thesis, there was no impact on the environment. The materials 
used in the research have no hazard effects. The III-nitride materials have chemical stability and 
at normal temperatures do not react with other materials. When the III-nitride materials are 
developed and obtain high quality materials, the devices, such as solar cells, will be significantly 
used instead of fossil fuel which can improve the quality of the environment. 
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Appendix F: Identification of All Software Used in Research and Thesis Generation 
Computer #1:   
Model Number: MacBook Pro9,1  
Serial Number: C02JX41FDV33  
Location: Home   
Owner: Alaa Alnami  
Software #1:   
Name: Microsoft Office 2016   
Purchased by: University of Arkansas Site License  
Software #2:   
Name: Nanoscope Analysis 1.5  
Purchased by: Free  
Software #3:   
Name: ImageJ  
Purchased by: Free  
Software #4:  
Name: Origin 2019b 64Bit  
Purchased by: Pro. Morgan Ware  
Computer #2:   
Model Number: X510UAR   
Serial Number: K2N0CX00E332056 
Location: Home   
Owner: Alaa Alnmi  
73 
Software #1:   
Name: Microsoft Office 2016   
Purchased by: University of Arkansas Site License  
Software #2:   
Name: ImageJ  
Purchased by: Free  
Software #3:  
Name: Origin 2019b 64Bit  
Purchased by: Pro. Morgan Ware  
Software #4:   
Name: Nanoscope Analysis 1.5  
License: Free 
Computer #3:   
Model Number: Latitude E5536 non-vPro   
Serial Number: C7YFX1  
Location: NANO 129   
Owner: Dr. Greg Salamo  
Software #1:   




Appendix G: All Publications Published, Submitted, and Planned  
No publications have been published or submitted for this study. 
 
  
 
